Esterification of lysophosphatidylcholine (LPC) with conjugated linoleic acid (CLA) was carried out using porcine pancreatic phospholipase A 2 (PLA 2 ). PLA 2 only slightly synthesized phosphatidylcholine containing CLA (CLA-PC) at 2.6% by the addition of water. Addition of formamide in place of water markedly increased the yield of CLA-PC. In addition, synthesis of CLA-PC by PLA 2 was affected by the amount of substrate CLA and PLA 2 in the reaction system. Under optimal reaction conditions using 11 mg LPC, 18 mg CLA, 550 mg glycerol, 50 μL formamide, 3.3×10 4 U PLA 2 , and 0.3 μmol CaCl 2 at 37 o C for 6 h, the reaction yield of CLA-PC reached 65 mol%. Furthermore, addition of protein such as albumin and casein suppressed the decrease of CLA-PC yield after 6 h. In addition, PLA 2 exhibited the highest activity for the 10t,12c-CLA isomer among four CLA isomers (9c,11t-CLA, 9c,11c-CLA, 9t,11t-CLA and 10t,12c-CLA), whereas that for 9c,11c-CLA was the lowest. These results showed that the present esterification system for LPC and CLA by PLA 2 is effective for producing CLA-PC.
Introduction
Conjugated linoleic acids (CLAs) are isomers of linoleic acid (9cis, 12cis-C 18:2 ) differing in the position and cis/trans-configuration of their conjugated double bond.
Recently, CLAs have received attention because of their anti-obesity effect [1] , anti-hypertensive effect [2] , and anti-cancer effect [3] . In particular, it has been reported that dietary CLA decreases body fat and body mass [4] [5] [6] .
Natural dietary sources of CLA include meat and milk products of ruminants.
However, the amount of CLA in these products is very low, at less than 1% of the fatty acid composition of their lipids, and the predominant isomer is 9c,11t-CLA. Therefore, CLA is commercially prepared by alkaline isomerization of linoleic acid, resulting in a mixture of several isomers including the two major ones, 9c,11t-CLA and 10t,12c-CLA. In addition, microbial production of 9t,11t-CLA isomer by lactic acid bacteria has also been studied [7, 8] . CLA obtained by these methods is mainly free fatty acid, which shows toxicity at high levels in foods. It is therefore important to prepare triacylglycerol or phospholipids containing CLA for utilization in nutraceutical fields. In particular, phospholipids are useful in many applications, such as food emulsifiers and cosmetics, because of their interfacial activity. In addition, phospholipids containing CLA can be applied to liposome technology used in drug carrier development. Thus, phospholipids containing CLA are an effective lipid form There are many reports describing the preparation of triacylglycerol [9] , 1,3-diacylglycerol [10] and monoacylglycerol [11] using lipase. However, there are only a few reports describing the preparation of phospholipids containing CLA (CLA-PL) through transesterification using lipase [12] . In contrast, we have already reported on the preparation of phospholipids containing eicosapentaenoic acid at the sn-2 position by phospholipase A 2 (PLA 2 ) [13] . This reaction system with PLA 2 is fundamental in the preparation of CLA-PC.
In this study, we investigated the optimum conditions for the esterification of LPC with CLA using PLA 2 . Formamide and albumin were effective at regulating the water content in the reaction systems including PLA 2 and resulted in high CLA-PC reaction yield. Furthermore, we demonstrated that PLA 2 exhibits specificity for CLA isomers during esterification.
Materials and methods

Materials
L-α-Lysophosphatidylcholine from egg yolk was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Industrial Phospholipase A 2 (Lecitase 10L) Casein from milk and gliadin were purchased from Nacalai Tesque, Inc. (Kyoto, Japan) and MP Biomedicals, LLC (Eschwege, Germany), respectively. All solvents and other chemicals used were at least of analytical grade.
Esterification
Typical reaction mixture for synthesis of CLA-PC was LPC 11 mg, CLA 18 mg, added to the reaction mixture to adjust chloroform-methanol-water (10:5:
The lipid fraction including synthesized CLA-PC, substrate CLA and LPC was obtained from chloroform layer.
HPLC analysis of CLA-PC
Synthesized CLA-PC was detected by HPLC system (L-7100, HITACHI, Tokyo, Japan) equipped with a silica gel column (Mightysil Si 60, Kanto Chemical CO., Inc.) (Tokyo, Japan). Lipid fraction separated from reaction mixture as described in 2.2.
Esterification was injected into HPLC. The mobile phase was consisted of acetonitrile-methanol-sulfuric acid (100:3:0.05, v/v/v) and flow rate was 1.0 mL/min.
CLA-PC was detected at 233 nm with diode array detector (HITACH, L-7455, Tokyo, Japan). In this system, retention time of CLA-PC was at around 16 min. gas was used as carrier gas and its pressure was adjusted to 50 kPa.
Gas chromatography analysis of fatty acid composition of CLA-PC
Calculation of CLA-PC yield
The yield of CLA-PC synthesized from LPC and CLA-mixture was measured by HPLC. The amount of CLA-PC was calculated by the calibration curve using 
Results and discussion
Synthesis of CLA-PC
We attempted the synthesis of CLA-PC through esterification of LPC with CLA by PLA 2 . As shown in Fig. 1 
Effect of formamide on CLA-PC synthesis by PLA 2
Esterification of LPC with CLA mediated by PLA 2 was conducted under low water conditions (Fig. 2) . However, the yield of CLA-PC was only 2.1 mol% using the reaction conditions of 11 mg LPC, 18 mg CLA, 3.3×10 4 U PLA 2 , 550 mg glycerol, 0.3 μmol CaCl 2 and 50 μL water at 37 o C for 48 h. In contrast, addition of formamide in place of water dramatically increased the yield of CLA-PC to 45.8 mol%.
Formamide is known as a "water mimic" that activates enzymes instead of water because of its high dielectric constant and ability to form multiple hydrogen bonds with protein [14, 15] . In our previous reports, we showed that formamide is an effective polar solvent in synthesizing PC containing polyunsaturated fatty acids (PUFA) by PLA 2 [13] . That is, formamide promoted the esterification of LPC with PUFA by PLA 2 and suppressed the hydrolysis of PUFA-PC. In the synthesis of CLA-PC, it was suggested that formamide activated PLA 2 and considerably improved the yield.
Optimal amount of formamide
We examined the optimal amount of formamide for CLA-PC synthesis. The yield of CLA-PC increased with the amount of formamide and reached a maximum of 48. the CLA-PC yield (Fig. 3) . These data indicate that the optimal amount of formamide is 200 μL for the reaction mixture of 11 mg LPC, 18 mg CLA, 3.3×10 4 U PLA 2 , 550 mg glycerol, and 0.3 μmol CaCl 2 . In the reaction system without formamide, the CLA-PC yield was 22 mol% (data not shown). This may be because glycerol, which was used to disperse the substrate in the reaction system, also plays a role as water mimic, as previously reported [14] .
Optimal amounts of PLA 2 , CLA and glycerol
To estimate the optimal amount of PLA 2 , the synthesis reaction was conducted in the range of 0.275×10 4 U-1.32×10 4 U (Fig. 4) . The yield of CLA-PC increased as the amount of PLA 2 increased and reached a plateau at 0.55×10 4 U. We then examined the effect of the amount of substrate CLA on CLA-PC synthesis by PLA 2 . As with PLA 2 , the yield of CLA-PC increased dose-dependently up to 72 mg CLA in the reaction system ( Fig. 5 ).
Furthermore, optimal amount of glycerol for CLA-PC synthesis was 550 mg (data not shown). Regulation of the water content around PLA 2 is crucial for CLA-PC synthesis in non-aqueous media because water is also produced by the proceeding esterification even if no water is added to the reaction system. In previous studies, regulation of water content in reaction system by water activity control and decompression has been attempted in PC synthesis by PLA 2 [16, 17] . On the other hand, some proteins are known to have hygroscopicity [18] . We therefore investigated the effect of protein on synthesis of CLA-PC ( Fig. 6. ). The addition of albumin, γ-globulin, casein and gliagin increased the CLA-PC yield compared to that without proteins, except for PLA 2 (Fig. 6A ). Furthermore, we examined the optimal amount of albumin for CLA-PC synthesis. As shown in Fig. 6B , the addition of albumin in the range of 0.5 mg -10 mg was effective at increasing the yield of CLA-PC after 48 h. In particular, the addition of 1 mg of albumin increased the yield of CLA-PC to 59 mol%. However, the CLA-PC yield decreased by the addition of 100 mg of albumin. This may be because of the high viscosity and a decrease in the water content around PLA 2 due to water absorption by the albumin.
Effect of protein addition
We measured the time course of CLA-PC synthesis by PLA 2 (Fig. 7) . The yield of CLA-PC rapidly increased, reaching 65 mol% after 6 h. However, synthesis of CLA-PC gradually decreased after 6 h in the reaction system without albumin. In contrast, the CLA-PC yield in the reaction system with albumin was maintained at approximately 60 mol% even after 6 h. This suggested that water absorbed from atmosphere might shift the reaction equilibrium to hydrolysis in the later stage of the reaction, resulting in a decrease of CLA-PC. Albumin may be able to control the water activity in the reaction system. This study indicated, for the first time, that addition of proteins is effective to maintain CLA-PC yield at a high level.
Synthesis of CLA-PC using CLA isomers
CLA has several isomers such as 9c,11t-CLA, 10t,12c-CLA, 9t,11t-CLA and 9c,11c-CLA. In addition, physiological activities of CLA, such as the anti-obesity effect [1] , anti-hypertensive effect [19] , and anti-cancer effect [20] , are known to be different among isomers. We therefore examined the substrate specificity of PLA 2 for esterification using commercially available CLA isomers, 9c,11t-CLA, 10t,12c-CLA, 9t,11t-CLA and 9c,11c-CLA (Fig. 8 ).
The reaction yield was the highest for 10t,12c-CLA and reached 55.9 mol% after 48 h reaction. Both 9c,11t-CLA and 9t,11t-CLA, PLA 2 exhibited the same specificity.
On the other hand, of the four CLA isomers used in this study, 9c,11c-CLA was found to be unsuitable for CLA-PC synthesis by PLA 2 . These results indicate that porcine pancreatic PLA 2 has different substrate specificity for CLA isomers in the esterification of LPC. 
Conclusion
This study clarified that esterification of LPC with CLA by PLA 2 is effective reaction system to produce CLA-PC. Addition of formamide as a water mimic increased the reaction yield of CLA-PC. Furthermore, some proteins were effective additives to suppress hydrolysis of synthesized CLA-PC during reaction. In addition, PLA 2 was indicated to show the specificity for CLA isomers in the present reaction system. CLA-PC is expected as multi-functional lipid with both functions of CLA and PL and to be applied in nutraceutical fields. These results would lead to enzymatic process to produce CLA-PC. 
